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Abstract 
In this paper, a design, fabrication and characterisation of metasurfaces with the anisotropic response for millimetre waves 
(MMW) have been presented for the seamless, secure and low-loss high-frequency communication. Two frequency bands, 29 
GHz and 60 GHz have been selected for the development of an efficient, cost-effective and broadband metasurfaces 
constituting an octa-armed star-shaped and symmetric dual orthogonally I-shaped structures respectively. Low-cost and high-
performance nanoscale printing inks and pastes have been deployed in the screen printing technique in order to perform the 
fabrication of designed metasurfaces on the flexible films. Electromagnetic (EM) characteristics of the proposed metasurfaces 
are evaluated by using the state-of-the-art testing facilities to demonstrate their potential performance attributes in wave-
propagation at MMW for high data rate communication links. 
Keywords: 5G, flexible, metasurface, millimetre-wave, wireless 
 
1. Introduction 
Printed devices and circuits have accomplished significant 
advancements over the past decades and are regarded as one 
of the highly progressing sectors in the electronics industry. 
Printed devices constitute the advantages of low cost, thin 
form factor, conformity, flexibility, rollability, lightweight 
and high robustness towards cracks while stretching, bending 
and folding [1]. These characteristics have a massive impact 
in wearables, smart packaging, body-centric sensors and many 
other applications. Several efficient additive manufacturing 
processes such as, inkjet printing [2], flexography [3], screen 
printing [4], and additive photolithography such as lift off and 
electroplating [5] have gained success in the production of 
printed flexible wireless electronics. These additive processes 
are usually deployed by a controlled layer-by-layer deposition 
or growth sequence that ensures accurate prototyping [6, 7]. 
Among the fast and high-resolution printing techniques, 
screen printing is found promising due to the capabilities of 
simplicity, affordability, time-efficiency and reduced material 
wastage [6]. Screen printing by using conductive pastes and 
metal epoxies has gained notable attention in printable 
electronics and PCB industry due to the ability to perform 
patterning of conductive lines, pads and metallic structures. 
Inspired by the EM characteristics of the metasurfaces, this 
paper exploits the idea to utilise a screen-printing technique in 
realising a flexible MMW indoor communication link. 
Metamaterials are synthetic composite materials with a 
structure that possesses characteristics not commonly found in 
natural materials such as a negative refractive index, negative 
permittivity and negative permeability [8–11]. Metamaterials 
are usually arranged in a set of subwavelength scatters within 
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a region of space that generates the required EM properties as 
bulk materials in a three-dimensional (3D) format. Strong 
dispersion, bulky nature, high losses, and 3D analogues nature 
of metamaterials, and complicated fabrication principles have 
hindered the practical applications of the metamaterials. 
Currently, metasurface; an equivalent of the metamaterial is 
being used due to its simplicity, light weight, reduced profile 
and ease of fabrication that makes it more appealing and easier 
to realise from a practical point of view. Several processes 
such as lithography, inkjet printing etc., have been suggested 
in order to integrate repeated metamaterial structures on 
different surfaces and photonic chip and are well suited for a 
mass production [12]. Metasurfaces are two-dimensional 
artificial materials with thicknesses much smaller than the 
incident light wavelength, allowing complete control over the 
phase, amplitude, and polarisation of the EM-wave beams 
[13–16]. Numerous applications of metasurface such as, in 
ultrathin planar reflect-array lenses, polarisation-controlled 
plasmonic coupler, and Photonic Spin Hall Effect etc., make 
it suitable for transmission and reception of a signal with 
tuning flexibility in wireless technologies [17–20]. 
The evolution of 5th generation (5G) wireless networks 
have emphasised the need of implementing a new architecture 
based on MMW spectrum to accomplish the overwhelming 
capacity demands [21]. In this regard, MMW band at 28 GHz 
is recommended by the global standardisation bodies due to 
comparatively lower attenuations and ability to provide multi-
gigabit rates in transmission links for emerging broadband 
wireless networks [22]. In contrast, 60 GHz band has been 
anticipated as a suitable choice for well-secured and high-
speed point-to-point links for short-range indoor applications 
due to high attenuation level observed at this bandwidth [23, 
24]. Implementation of such an immense transformation from 
low-frequency spectrum to MMW bands demands much more 
research efforts in the realisation of efficient MMW based 
devices, components, antennas and wireless applications. It is 
also established that the advantages of metasurfaces could be 
utilised in MMW communication systems. In this research, 
flexible and low-cost symmetric reflective metasurfaces with 
a control on x- and y-polarised reflected waves are designed, 
fabricated and tested for 29 GHz and 60 GHz communication 
links. It is worth mentioning that 29 GHz band is merely a 
representation of the designed resonant dip at this point, 
however, it interprets an operating range of 26–31 GHz which 
includes 28 GHz 5G band, as well as 26 GHz which is another 
potential 5G candidate. The concept is to utilise metasurfaces 
in the indoor point-to-point links which can be easily applied 
as wallpaper on the walls without the structural loading 
concern to existing construction [25]. This would replace the 
need of installing hardwired solutions (copper/optical fibre) 
directly into buildings for delivering high-speed broadband. 
In this paper, symmetrical octa-armed star-shaped unit-cell 
designed at 28 GHz band is repeated in a metasurface pattern, 
while a symmetric metasurface I-shaped orthogonal structure 
is designed at 60 GHz. In order to introduce the conformity 
and effectiveness in the practical applications, thin flexible 
films have been used as a substrate material. The scope of 
screen printing in the development of high-frequency printed 
metasurfaces is investigated in the fabrication stage. The 
proposed screen-printed metasurfaces are anticipated to 
deliver a cost-effective solution capable of propagating MMW 
radio signals along the length, which can improve the indoor 
communication to a significant extent. 
2. Design and simulation analysis of the metasurface 
The design and modeling of metasurface as well as the 
parametric optimisation of the design variables is performed 
by using the electromagnetic simulation package named CST 
Microwave Studio 2016, developed on the Finite Integral 
Techniques (FIT) for EM computations. The design of unit-
cell at 28 GHz band is initiated with two square patches 
oriented along the same centre point with a 90˚ rotation of the 
second patch in the same plane. This geometry appeared like 
an eight (octa)-armed star, which is further modified with a 
square-shaped slot cut inside, and an outer boundary of 
parasitic metallic patch lines as shown in Fig. 1 (a). 
Polyethylene Terephthalate (PET) also known as Melinex, 
with a thickness of 125 μm is selected as a substrate. The unit-
cell comprises of size 5 mm (0.48 λo) × 5 mm (0.48 λo), where 
λo is the wavelength at 29 GHz. The optimised dimensions of 
the proposed metasurface unit-cell are illustrated in Fig. 1 (b).  
The I-shaped metallic resonator structure at 60 GHz in Fig. 
1 (c) is designed on two flexible substrates, i.e. Polyamide 
(Kapton) and Melinex. The thickness of the Melinex (εr = 2.9, 
tanδ = 0.06) is 125 μm, while Kapton (εr = 3.2, tanδ = 0.05) 
film is 75 µm thick. A unit cell of size 1.9 mm (0.38 λo) × 1.9 
mm (0.38 λo) with optimised dimensions are shown in Fig. 1 
(d), and the designed width of the strip is 0.2 mm (0.04 λo) 
where λo is the wavelength at 60 GHz. The periodicity of the 
unit cell is 1.9 mm while the element spacing was 0.088 λo. 
The geometrical dimensions of the anisotropic metasurface 
were first tuned to yield a zero reflection phase at 60 GHz. The 
metasurface was designed such that it has a resonant response 
only in the direction parallel to the x-axis. I-shape was selected 
due to its intrinsic structural anisotropy in the x-axis, and also 
maintains a compact size in the orthogonal y-axis [17].  
The metasurface is illuminated by a plane wave at a normal 
incidence angle of the inward travelling plane wave with the 
electric field polarised in the x-direction. Fig. 2 (a) presents 
the simulated S-parameter results in terms of the reflection 
(SZmax1Zmax1 and SZmax2Zmax2), and the transmission 
(SZmin1Zmax1 and SZmin2Zmax2) coefficients and the 
cross-polarised coupling between the modes. Since both of the 
designs are symmetrical structures, the co-polar reflection and 
transmissions of both modes are identical. Fig. 2 (a) show that  
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the transmission is almost completely blocked at 28.9 GHz 
with a magnitude of about -38 dB and the reflection is almost  
complete and has a magnitude of 0.06 dB. A wideband 
transmission of about 1.5 GHz (28.1–29.6 GHz) has been 
observed with -20 dB as a reference. The reflection phase of  
the 29 GHz unit cell is shown in Fig. 2 (b) where it coincides 
with 0˚ at the designed frequency of interest. 
Similar to the 29 GHz structure, the I-shaped metasurface 
at 60 GHz is also illuminated by a plane wave at a normal 
incidence angle with the E-field polarised along the x-axis. 
The simulated results of Fig. 3 (a) present that the transmission 
is almost completely blocked at 60 GHz as the plot shows a 
magnitude of -43 dB and the reflection is almost complete 
with 0.04 dB magnitude. A wideband transmission has been 
observed of 3.5 GHz (58.25–61.75 GHz). The cross-polarised 
coupling between the modes is below -70 dB. The reflection 
phase of the unit cell coincides with 0˚ at 60 GHz as shown in 
Fig. 3 (b). The transmission coefficient has a phase coverage 
of 22 (±180˚) as expected for such metasurface structures. 
3. Principle of operation 
In this section, the principle of operation has been 
explained only for the 60 GHz metasurface as the 29 GHz 
structure operates in a similar way. To limit the computational 
time of the modeling, the metasurface array size was reduced 
to 5 × 10 unit-cells, with a total size of 18 mm (3.6 λo) × 9 mm 
(1.8 λo). Fig. 4 (a) shows a rectangular waveguide tapered at 
the edge for an effective passage of the transmitted signal by 
means of the metasurface structure placed next to it. Since 
waveguides transmit EM signals at a lower loss than coaxial 
cables [26], the same phenomenon is inculcated in this work 
with a minimum cross-section, relative to the signal 
wavelength in order to function properly. For this purpose, a 
rectangular waveguide-WR15 (WG25) that cover 50–75 GHz 
with size 3.76 mm × 1.88 mm is used [27]. The numerical 
simulation of the electric field distribution is shown in Fig. 4 
(b) and (c). The EM-waves' manipulation at a subwavelength 
  
(a) (b) 
 
 
(c) (d) 
Fig. 1.  The geometry of the proposed flexible metasurfaces: (a) 3×3 novel star-shaped resonator structure at 29 GHz, (b) 29 GHz metasurface unit-cell 
dimensions, (c) 10×10 Orthogonally I-shaped copper resonator structure at 60 GHz,  (d) 60 GHz metasurface unit-cell dimensions. 
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level can be achieved by patterning the metallic surface of the 
waveguide directly to the metasurface structure. The surface 
radiates a highly collimated beam, whose divergence indicates 
a good waveguiding capability of the metasurface medium. 
The designed metasurface is used in this research as a 
bandpass filter at the desired frequency band. 
It can be anticipated that metasurface is less absorbent than 
the 3D metamaterial structures, thus the signal transmission 
by means of electric field through the metasurface becomes 
easier over a long distance [28]. It is observed that at 50 GHz, 
the EM waves transmission across the metasurface shows 
lesser signal strength over the whole surface as in Fig. 4 (b), 
while at 60 GHz it performs like a pass band for the signal as 
in Fig. 4 (c). It is worth mentioning that the orthogonal I-
shaped structure exhibits inductive and capacitive reactance 
by the excitation of the electric field. The inductance occurs 
as a result of the straight I-shaped conductors and the 
capacitance is due to the capacitive coupling between adjacent 
I-shaped structures [29]. 
4. Fabrication of the designed flexible metasurface 
The realisation of the designed MMW metasurfaces on 
flexible films involves several critical challenges due to the 
factors which affect the reliability, robustness and accuracy of 
the printed electronics. Selection of a suitable process which 
can ensure precise fabrication of the small-scale dimensions 
and also delivers time-efficient and cost-effective production 
is highly desired. Choice of a flexible substrate is another 
important aspect among the commercially available options.  
Melinex ST 504 is the widely available thermoplastic polymer 
from the polyester family. Because of its recycling capability, 
low cost and eco-friendly attributes, it is manufactured in 
bulks and has been made part of clothing, disposable packing 
materials and thermoforming, and also in the manufacture of 
several resins when blended with glass fibre [30]. Thin sheets 
of Melinex/PET, varying in composition, permittivity and film 
thickness have been utilised in flexible electronics [31–33]. 
Besides, polyimide film developed by DuPont (Kapton), has 
  
(a) (b) 
 
Fig. 2. Magnitude and phase of the 29 GHz metasurface. (a) S-parameters of the reflection coefficient, transmission coefficient and cross-polarized 
coupling being mode, (b) Phase of the reflection coefficient, transmission coefficient and cross-polarized coupling being mode. 
  
(a) (b) 
 
Fig. 3. Magnitude and phase of the 60 GHz metasurface. (a) S-parameters of the reflection coefficient, transmission coefficient and cross-polarized 
coupling being mode, (b) Phase of the reflection coefficient, transmission coefficient and cross-polarized coupling being mode 
Page 4 of 9AUTHOR SUBMITTED MANUSCRIPT - FPE-100231.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
e
ted
 M
an
us
cri
pt
Journal XX (XXXX) XXXXXX Author et al  
 5  
 
excellent properties of flexibility, mechanical, chemical and 
thermal stability, inert and highly hydrophobic surfaces etc. 
and widely used for flexible electronics [34]. Melinex and 
Kapton sheets have been used as the substrate in this research 
work due to their flexibility and durability. 
Several methodologies have been developed to accomplish 
the fabrication of flexible films. Flexible substrates added with 
a metal such as copper or aluminium can be laser etched, yet 
requires an expensive laser milling equipment [35]. Inkjet 
printing is an additive manufacturing technique for precise 
fabrication of flexible films by using an inkjet printer [36]. 
This approach has been successfully extended to a reel-to-reel 
process for a mass production. Photolithography is a process 
of transferring a pattern on a substrate by means of light and 
involves highly sophisticated clean-room facilities to achieve 
high accuracy in prototyping [37]. Another feasible method 
which avoids the high cost of machinery required for laser 
etching, inkjet printing or cleanroom facilities and delivers 
reasonable fabrication accuracy is the screen printing process 
[38]. The screen printing involves the use of an ink-blocking 
stencil that defines the area to be patterned on the substrate by 
means of a conductive paste. In this research, the screen 
printing process has been selected due to the low cost of the 
equipment, good printing quality with high conductivity, and 
 
(a) 
  
(b) (c) 
Fig. 4. The electric field of 5 × 10 orthogonally I-shaped resonator metasurface with a rectangular waveguide: (a) top view (b) Electric field 
distribution on the metasurface at 50 GHz and (c) Electric field distribution on the metasurface at 60 GHz. 
   
  
(a) (b) (c)   
Fig. 5. The fabricated prototypes of the metasurfaces by screen printing process: (a) representation of screen printing process [39], (b) 29 GHz 
screen-printed metasurface, (c) 60 GHz screen-printed metasurface. 
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reasonable accuracy of the printed pattern. The proposed 
metasurfaces at 29 GHz and 60 GHz are fabricated using the 
screen printing followed by a sintering process.  
A number of choices are available in the market regarding 
the conductive inks, pastes and epoxies. Intrinsiq UK suppies 
different variants of the paste based on varying the 
composition, wettability, adhesion, and conductivity, mainly 
dependent on the concentration of the copper content in the 
solvent. Nanoparticle copper paste CP-005 with a solid weight 
of ~ 85%, viscosity of 15–25 Pa.S, density of ~3.5 g/ml, from 
the Intrinsiq UK is selected. Fig. 5 (a) presents the screen 
printing process to transfer the pattern from screen to the 
substrate. The screen is made with a fine stainless steel mesh 
coated with a 12μm thick photoemulsion with an engraved 
pattern to transfer the paste. For the screen printing, a 29-inch 
screen with a 45° tilt is deployed, designed with a standard 
mesh count of 325/inch and a wet print thickness of ~62 μm. 
The approximate aperture size is 42 μm and mesh opening 
ratio is ~39 %. A reasonable level of accuracy can be achieved 
by a careful deployment. The next step involves the sintering 
of the printed metasurface which is performed in the 
manufacturing facilities of Intrinsiq UK. The laser beam is 
exposed on the printed surface by using formic acid in a 
nitrogen atmosphere. Belt furnace with formic acid dosing 
system is used where laser sintering is carried out on the 
FASTLAPS roll-fed prototype system developed from the 
funding of Innovate UK. The desired level of conductivity is 
achieved after the sintering process of the printed prototype. 
The thickness of the printed copper film is approximately 7–
10 µm and sheet resistance computed by using a 2-point probe 
test range from 0.03–0.07 Ω depending on the temperature as 
well as different variants of copper paste being used for the 
analysis. These values suggest that the computed conductivity 
of the printed sheet is approximately 1.4 × 106–3.3 × 106 S/m. 
The fabricated prototypes of the designed metasurfaces at 29 
GHz and 60 GHz are shown in the Fig. 5 (b) and (c). The 
adhesion quality of the printed prototypes is tested by bending 
and folding, as well as by scotch tape test. These destructive 
testing techniques have ensured highly reliable performance 
of the screen printed patterns in strain conditions as no visible 
cracks or damage is observed.  
5. The experimental results and analysis 
Fig. 6 (a) shows the operating principle of the experimental 
setup for the transmission characteristics of the metasurface, 
with an orthogonally orientated sample placed between the 
two antennas. Here, a sample (metasurface under test–MUT) 
is placed in between two horn antennas and a vector network 
analyzer (VNA) is used to measure the S-parameters. In order 
to perform these measurements, separate setups have been 
developed for each metasurface. For instance, the metasurface 
at 29 GHz is tested in the characterisation chamber, which 
consists of a setup with a pair of Ka-band horn antennas as 
shown in Fig. 6 (b). The sample is placed between the horn 
antennas at the specified distance, while the transmission 
characteristics are obtained from the PNA-X. In addition, the 
Kapton and Melinex based metasurfaces designed at 60 GHz 
are tested by using a quasi-optic bench, which comprises of an 
arrangement of corrugated horns designed for the frequency 
range of 50–75 GHz, reflecting mirrors, and a sample holder 
where beams of the antennas converge to transmit through the 
sample. Fig. 6 (c) presents a quasi-optic bench for the testing 
of 60 GHz metasurface.  
Multiple samples taken from the extended metasurfaces 
printed with the CP-005 copper-paste are examined in this 
stage. The measurements presented in Fig. 7 (a) show that the 
designed metasurface has an operating bandwidth of 26–31 
GHz. The accuracy and reliability of the results is determined 
by the repeatabity of measurements of multiple samples taken 
 
  
(a) (b) (c) 
Fig. 6. Testing of transmission coefficient of the designed metasurfaces: (a) Operational principle of the measurements [40], (b) Setup for 
measurement of transmission at 28 GHz, (c) Quasi-optic bench for the measurement of transmission at 60 GHz. 
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along the long metasurface film. Samples from various parts 
of the film have been tested which show that the bandwidth 
remains conserved with -10 dB reference, though have some 
variations in the magnitudes at the resonant dips as shown in 
Fig. 7 (a). In order to investigate the performance in conformal 
integrations, a conformal surface of polystyrene is used to hold 
the sample and the measurements are compared with the flat-
bed results in Fig. 7 (b). Minor shifts of resonant frequency 
have been observed, however, the overall operating bandwidth 
is conserved to ensure a consistent performance. The 60 GHz 
metasurface samples printed on Kapton and PET substrates 
show a sharp dip between 60–65 GHz in Fig. 8. Also, the 
measured bandwidth of the Kapton metasurface is 57.3–67.5 
GHz and that of Melinex is approximately 57.5–67.5 GHz as 
shown in Fig. 8 (a) and (b) respectively. It is observed that the 
Kapton based samples show negligible variations and 
converged plots as compared to the Melinex samples, which 
establishes a highly stable performance at high frequencies. 
Instead, the slight shift observed in the case of Melinex 
samples’ measurement plots for both 60 GHz and 29 GHz 
could be due to small variations in the dielectric constant of 
the Melinex at higher frequencies, however, Kapton shows 
high stability in this regard. 
6. Conclusion 
This paper presents the concept of utilizing metasurfaces 
effectively in order to manipulate the EM performance by 
using the state-of-the-art testing facilities. Two distinctive 
bands of MMW spectrum i.e. 29 GHz and 60 GHz have been 
used to investigate the performance of designed metasurfaces. 
The flexible metasurface has been fabricated by the process of 
screen printing with conductive nanoparticle copper ink/paste. 
The metasurface has been designed to interact with both 
electric and magnetic field component of EM wave, thus made 
this to successfully manipulate wavefront and maximise 
power transmission or reflection simultaneously. A good 
  
(a) (b) 
Fig. 7. Measurements of transmission characteristics of the Melinex based octa-armed star-shaped metasurface at 29 GHz: (a) measured plots of 
printed samples cut from the extended metasurface, (b) Comformal analaysis of the two samples when placed on a planar and conformal mount. 
  
(a) (b) 
 
Fig. 8. Measurements of transmission characteristics of the designed I-shaped metasurface at 60 GHz: (a) Samples of metasurface fabricated on 
Kapton film, (b) Samples of metasuface fabricated on Melinex substrate. 
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agreement has been observed between the simulated and 
measured results. The proposed metasurface at 29 GHz has 
achieved a wide transmission bandwidth of 26–31 GHz, and 
60 GHz metasurface offers 57.5–67.5 GHz bandwidth, with 
the efficiency of 80% and above at these frequencies of 
consideration. The flexiblity and conformity of the proposed 
metasurfaces have made the proposed metasurfaces capable to 
integrate into a non-planar environment. From the results, it is 
anticipated that the metasurface could serve to enhance the 
strength of the signals propagated directly into buildings 
(indoors) for delivering high-speed broadband as a profitable 
replacement of copper/optical fibre in near future. 
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